Accumulated evidence suggests that sporadic cases of Alzheimer's disease (AD) make up more than 95% of total AD patients, and diabetes has been implicated as a strong risk factor for the development of AD. Diabetes shares pathological features of AD, such as impaired insulin signaling, increased oxidative stress, increased amyloid-beta (Aβ) production, tauopathy and cerebrovascular complication. Due to shared pathologies between the two diseases, anti-diabetic drugs may be a suitable therapeutic option for AD treatment. In this article, we will discuss the well-known pathologies of AD, including Aβ plaques and tau tangles, as well as other mechanisms shared in AD and diabetes including reactive glia and the breakdown of blood brain barrier in order to evaluate the presence of any potential, indirect or direct links of pre-diabetic conditions to AD pathology. In addition, clinical evidence of high incidence of diabetic patients to the development of AD are described together with application of anti-diabetic medications to AD patients.
INTRODUCTION OF ALZHEIMER'S DISEASE (AD)
AD is a devastating brain disorder which gradually develops over an extended period of time, causing loss of memory and cognition accompanied by neuronal death in certain regions including the entorhinal cortex, hippocampus, and basal forebrain. 1 -3 AD affects about 12%-13% of people aged over 65, and nearly 50% of people aged 85 and older. Considering that humanity's average life span is continually increasing in the modern era, AD is noted to be one of the most problematic health issues of our time. 4 AD can be categorized into familial Alzheimer's disease (FAD) or sporadic Alzheimer's disease (SAD), the latter accounting for more than 95% of all cases. 5 SAD is largely misunderstood, due to components involving both genetic and environmental influences. Age-related risk factors associated with SAD include cardiovascular disease, cancer, stroke, diabetes mellitus (DM), and impaired glucose Two features in AD brains are extracellular amyloid-beta (Aβ) containing neuritic plaques, which are generated by overproduction of Aβ peptides from the amyloid precursor protein (APP), and intracellular accumulation of phosphor tau-positive neurofibrillary tangles from precipitated paired helical filaments (PHFs). 1 -3 These two abnormal structures are known to contribute to AD progression and have been argued for as either a cause or a result. Other pathology includes dysfunction of energy metabolism and neuronal death in selective areas of the brain including the hippocampus and cortex. 14 Studies indicate that AD may be triggered by a multitude of factors including age, genetic background, and/or prolonged inflammation by means of physical injury (brain trauma or stroke leading to overproduction of reactive oxygen species [ROS] ). Environmental factors also appear to contribute to AD pathogenesis. 15,16
There are three major gene mutations associated with early onset forms of FAD: those for APP, presenilin 1 (PSEN1) and presenilin 2 (PSEN2). 16 However, FADs represent less than 5% of all AD cases, suggesting many other factors that may be involved in disease progression. One such genetic risk factor is the possession of one or two copies of the ε4 alleles of the gene for apolipoprotein E (ApoE), which are linked to a late onset of AD cases with a buildup of amyloid plaques in the brain before AD symptoms arise. 17 All these genetic mutations are linked to the progression of Aβ plaque formation in defined brain regions, which have been implicated as one of the initial symptoms of AD. Aβ peptides are generated from a transmembrane APP by βand γ-secretases via consecutive endomembrane-proteolytic cleavage. Early studies have suggested that fibrillar Aβ aggregates, the main constituents of senile plaques, might have a key role in initiating neurodegenerative progression in AD brains. 18 However, later studies have reported that oligomeric Aβ is more toxic than insoluble fibrillary Aβ, and an increase of oligomeric Aβ is known to be strongly correlated with the degree of cognitive dysfunction in AD, 19,20 and associated with synaptic deficiency. 21 Research has shown that both insoluble and soluble (oligomeric) species of Aβ exist in brains of AD patients and of a transgenic mouse model of AD.
-24
Aβ is known to induce its toxicity through direct interaction with an receptor for advanced glycation end product (RAGE), p75NTR, α-7 nicotinic AChR or an amylin receptor, or by indirectly mediating through glutamate excitotoxicity. 27 -31 The mechanisms underlying Aβ toxicity are not clear, but likely involve alteration of intracellular calcium signaling, generation of free radicals, phosphorylated tau, and a caspase-mediated apoptosis. 31 -33 Although evidence of a direct interaction of Aβ with receptors is still controversial, many studies have shown that Aβ peptides are internalized by interacting with RAGE, scavenging receptor, low-density lipoprotein receptor related protein-1 (LRP-1), NMDA glutamate receptors or α-7 nicotinic AChR receptors. 34, 35 Glutamate excitotoxicity has been implicated in neuronal death by Aβ toxicity: first, Aβ increases glutamate release and inhibits uptake; second, Aβ induces glutamatemediated neurotoxicity that is reversed by antagonists of the glutamatergic NMDA receptor; third, the NMDA receptor has been found to be involved in Aβ neurotoxicity in rat brain, and Aβ toxicity increases susceptibility to glutamate toxicity in Aβ-generating transgenic mice. 36 Not only neurons, but also astrocytes are a major source of glutamate from the glutamate-glutamine cycle occurring between neurons and astrocytes 37,38 ; impaired glutamate uptake function by stressed neurons and reactive astrocytes can contribute to neurodegeneration by enhancing glutamate excitotoxicity in neurons. It is of interest that Aβ toxicity is more prominent in diabetic rats associated with an oxidative stress condition. 39 AD is the best known tauopathy, and several mutations in the tau gene have been implicated in dementia and neurodegeneration. 33,40 Tau is normally phosphorylated and dephosphorylated to function in axonal integrity and transport. The sustained phosphorylation of tau causes an impaired ability for tau binding to microtubules, leading to impaired axonal transport, increased toxicity and subsequent formation of PHFs. Although there are inconsistencies in reports of tau pathology in AD brains, 41 many studies have proposed a close relationship between tau pathology and Aβ toxicity such that tau abnormalities induce accumulation of Aβ in AD mice 42 -44 and Aβ treatment causes tau phosphorylation through activation of multiple kinases. 2,31,41 In addition, inhibition of tau phosphorylation is known to reduce Aβ-induced neurotoxicity 45 -48 and tau knockout neurons show resistance to Aβ-induced toxicity. 49
LINKS BETWEEN AD AND DIABETES
As mentioned above, causes of SAD are multifactorial, involving several environmental and genetic factors, in particular, insulin resistance, an acquired condition in type 2 diabetic mellitus (T2DM). T2DM is associated with metabolic disorders such as obesity and high blood pressure. Whereas type 1 diabetes mellitus (T1DM) is linked more closely with familial inheritance, both are known to contribute to the incidence of SAD. 50 It is estimated that the number of diabetic patients will increase dramatically by the end of 2030, with most of these patients over 64 years of age. 51 Considering the fact that aging is a major risk factor in AD, many studies have indicated increasing evidence of links between AD and insulin dysfunction. 52 -54 This combination of aging and insulin dysfunction has already emerged as a major risk factor in AD development. Population studies have reported a close relationship between AD and insulin dysfunction such as abnormal insulin signaling further leading to glucose intolerance, impaired insulin secretion and insulin resistance. 6,55,56 Higher incidences of AD have been observed in elderly diabetic patients 55,57 and decreased mental ability has been reported in diabetic children. 58 Other clinical studies have also shown the significant increase of the risk of AD in diabetic patients, 59 -62 suggesting a potential association between diabetes and AD ( Fig. 1) .
Insulin, a polypeptide hormone produced by β-cells in pancreatic islets of Langerhans, consists of a 21-amino acid chain linked to a 30 amino acid chain by two disulfide bonds. 63 It regulates blood glucose levels by converting glucose to glycogen in the cell and functions in lipid and protein metabolism. De novo synthesis of insulin in the brain occurs in certain brain areas including hippocampus and prefrontal cortex 64 ; however, insulin can also be actively transported from the periphery to the brain via the blood-brain barrier (BBB). 65 This transport can be modulated by multiple factors such as hormones, fasting, obesity or some other conditions like aging and diabetes. 66 The insulin receptor (IR) is a tetrameric transmembrane receptor composed of two α-subunits (extracellular) with an insulin binding site, and two β-subunits that have tyrosine kinase activity. IRs are expressed in the hippocampal and medial temporal cortical areas of the brain, suggesting their potential roles in memory processes. In fact, a study done by Zhao et al. 67 has reported that mRNA and protein levels of IRs are upregulated following a spatial memory task, implicating insulin modulation in memory and cognition. Insulin binding to IR activates two signaling pathways, the phosphoinositide-3 kinase (PI3K)/AKT pathway and the mitogen-activated protein kinase (MAPK) pathway. The PI3K/AKT pathway is important in cellular differentiation, proliferation and survival of neurons, and the MAPK pathway is mainly involved in cell growth and protein synthesis. 68,69 Activation of PI3K leads to stimulation of the downstream kinase, 3-phosphoinositidedependent protein kinase-1 (PDK1). Activated PDK1 then activates protein kinase B, also known as AKT, which inhibits glycogen synthase kinase-3 (GSK3-β), a major tau kinase. Therefore, a downregulation of insulin signaling may lead to a decrease in glucose metabolism and an increase in tau phosphorylation and neurofibrillary tangles through the activation of GSK3-β. 70,71 Increased activity of GSK3-α is also associated with the processing of APP and generation of Aβ. 72 Liu et al. 71 found downregulation of signaling molecules in the insulin-PI3K-AKT pathway in both AD and T2DM cases, and the effect was even more severe in individuals with both T2DM and AD (T2DM-AD).
Another important downstream signaling partner is mitogen activated protein kinase (MAPK). 73 In particular, C-Jun N-terminal kinase (JNK), known as a stress-activated protein kinase has been detected in AD brain. 74 JNK activation is also associated with Aβ deposition, tau phosphorylation, and a decrease of synaptophysin 75 and also participates in amyloidogenesis through β-secretase-1. 76 Insulin degrading enzyme (IDE) is another downstream target of insulin signaling that can be negatively regulated by the insulin-PI3K-AKT pathway via a negative feedback mechanism. 77 Therefore, impaired insulin signaling may result in decreased IDE levels due to a reduction of AKT activation. Since IDE plays a significant role in enzymatic degradation of Aβ, 78,79 a decrease in IDE levels would reduce Aβ clearance leading to an increase of Aβ accumulation in the brain. Thus, the insulin signaling pathway seems to be important in two major hallmarks of AD pathology, namely plaques and tangles.
APOEε4, one of major risk factors for AD development, modulates insulin activity and exhibits effects on memory of those afflicted with AD. 77 Chan et al. 80 have further reported that hippocampus-dependent memory deficit observed in APP mice was accelerated when APP was co-expressed with APOEε4, with a mechanism via impaired insulin signaling. Alternatively, the insulin resistance observed in APOEε4 carriers is not associated with a change on Aβ levels in plasma but linked to the abnormal hyperphosphorylation of tau recognized in cerebrospinal fluid. 81 These studies generally suggest APOEε4 as a possible connection between diabetes and AD.
Insulin-like growth factor-1 (IGF-1) is important in neuronal survival and neurogenesis in hippocampus, and alteration of IGF-1 is implicated in early stages of diabetic conditions. 82 IGF-1 treatment also inhibits abnormal tauopathy and Aβ deposition in cell culture and AD mouse models, 82 and a recent report from a human study shows that low levels of serum IGF-1 are closely related with incidence of AD in older and middle-aged individuals 83 which supports the role of IGF-1 in diabetes and AD. 84 Although the data seem complicated and somewhat controversial, alteration of insulin and IGF-1 signaling is likely to be involved in the development of diabetic conditions linked to AD pathologies.
OXIDATIVE STRESS, INFLAMMATION AND CEREBROVASCULAR COMPLICATIONS IN DIABETES AND AD
Inflammation, an important feature of neurodegenerative and metabolic disorders has been suggested to play a critical role in the pathogenesis of many diseases. 85 -87 Inflammation is a vital biological response for homeostasis of our body to re-establish normal physiology from stress stimuli, such as injury or infection. Various studies have indicated inflammatory responses in the brain, such as upregulation of inflammatory factors and activation of glia cells. 88 The increase of inflammatory factors, including tumor necrosis factor-α (TNF-α), interleukin-6, and interleukin-1β, is evident in blood samples from AD patients. 89 In particular, overexpression of TNF-α by prolonged inflammation may cause peripheral insulin resistance. 90 In addition, activation of astrocytes and microglia, a brain inflammatory response, is also observed in diabetes, 91 suggesting that increased levels of inflammation in the CNS and PNS may be a trigger in diabetes subsequent to neurodegeneration. The AD features, i.e., formation of plaques and tangles, may be linked to impaired insulin signaling in the brain; nonetheless, the underlying mechanism is unclear. Oxidative stress seems to be a common factor in many neurodegenerative disorders including AD, 8,9 thus being a potential link between diabetes and AD. In fact, the onset of diabetic complications such as altered insulin sensitivity and neuropathy is closely associated with increased oxidative stress due to lack of removal of ROS 92 ; thus oxidative stress could be a driving force behind insulin signaling impairments in AD brains. Increases of ROS inhibit IR activity through prolonged inhibition of phosphotyrosine phosphatase, the enzyme responsible for dephosphorylation of IR, 93,94 suggesting that disrupting IR activity by oxidative stress may result in impairment of insulin signaling seen in SAD.
The effect of insulin on inflammation is controversial. Low doses of insulin exert antiinflammatory effects; conversely, high levels of insulin during chronic hyperinsulinemia may exacerbate inflammatory responses and increase oxidative stress. 95 Hyperinsulinemia induces a dramatic increase of inflammatory factors including TNF-α, IL-1β and IL-6 and a lipid peroxidation marker, F2-lsoprostane, which are potentiated by obesity, given that insulin elevates TNF-α and free forms of fatty acids released from adipocytes. 52 Insulin may enhance inflammatory responses in the brain through upregulated levels of Aβ, resulting in increases of the inflammatory factors mentioned above. 96 The pro-or anti-inflammatory factors require only tiny quantities to exert multiple physiological effects in the brain, mainly for homeostasis and also functioning as growth or trophic factors; thus chronic imbalance of these factors could be a direct link between diabetes and AD. 97
Although pathologies of Aβ and tau are features commonly focused on AD, it is evident that many other causes may contribute to disease pathogenesis. One possible mechanism could be a compromised cerebrovascular system, a common pathology in diabetes and AD. 98 The underlying mechanism of cerebrovascular disruption could be a loss of vascular pericytes and astrocytes that can occur by mitochondrial oxidative stress during hyperinsulinemia in a diabetic animal model. 99 Thus, aside from impaired insulin signaling, diabetes may affect AD pathology via other mechanisms such as cerebrovascular impairment and oxidative stress-induced inflammation. These multiple factors may have synergistic effects on Aβ pathologies by interrupting metabolism and clearance of Aβ via degradation enzymes or Aβ transport across the BBB. 100
Low-density LRP-1, a 600 kDa type-1 trans-membrane receptor, recognizes at least 20 structurally diverse ligands including cholesterol, and transports them across the BBB. 101,102 LRP-1 provides a homeostatic control mechanism for Aβ clearance at the BBB and for cerebrovascular cells mediating brain-to-systemic clearance of Aβ. 103 Soluble LRP-1 in circulating blood stream acts as a peripheral "sink" for Aβ by restricting access of free Aβ into the brain, and LRP-1 in the liver also involves systemic clearance of Aβ. 102 -104 RAGE is another system for Aβ clearance; circulating Aβ is transported through RAGE in the luminal surface of brain vessels. 28 The expression of RAGE is upregulated in cerebral vessels, neurons and microglia when Aβ species accumulate in AD brains. RAGE interaction with Aβ at the BBB has been implicated in the development of cerebrovascular impairment through transcytosis of circulating Aβ across the BBB, inflammation of the endothelium and suppression of cerebral blood flow. 28,105
Takeda et al. 98 generated an animal model that reflected pathologies for both AD and diabetes by crossing APP transgenic mice with leptin-deficient ob/ob mice. Their findings indicate that diabetes exacerbates memory and cognitive dysfunction of AD, even without an increase of Aβ. They also showed cerebral vascular inflammation and severe Aβ angiopathy in these mice, with upregulation of RAGE and inflammatory changes at the BBB prior to the angiopathy. Similar data from Liu et al. 106 have shown up-regulation of RAGE in streptozotocin-induced diabetic mice such that hyperinsulinemia-induced stress in these mice serve as a trigger for Aβ transcytosis from the bloodstream to the brain that may eventually contribute to an interruption of the BBB.
ACTIVATION OF ASTROCYTES IN BRAIN INFLAMMATION AND DIABETES
Astrocytes comprise about 50% of brain cells and support neurons structurally, metabolically, and trophically. Activation of astrocytes is a typical brain response to stress stimuli that is evident in changes in cellular morphology and function as well as the upregulation of glial fibrillary acidic protein (GFAP). Reactive astrocytes result in decreased glutamate uptake, subsequent to an increase in extracellular glutamate levels, thereby contributing toward excitotoxicity. 107 A recent study by our group shows that at the initiation stage of inflammation, astrocytes become active to make the stress conditions return to homeostasis, but chronic activation of astrocytes eventually causes astrocytic death by losing their own neuroprotective properties, although astrocytes are less vulnerable than neurons to brain stress stimuli. 108
Astrocytes are important players in the brain immune response against infection, trauma, ischemia and neurodegenerative diseases, such that in response to stress stimuli they secrete inflammatory/anti-inflammatory factors and neurotoxic factors. 109 Astrocytes also undergo structural and functional changes, called astrogliosis that is evident by increased GFAP expression 110,111 often leading to scar formation, an indicator of many brain injuries.
Upregulation of GFAP expression may induce secretion of some factors from astrocytes that could be beneficial or harmful depending on the degree and period of the pathological conditions of the disease or injury 112 -114 Among the molecules released from reactive astrocytes, nitric oxide and prostaglandins modulate blood flow, thus affecting BBB permeability. 115 As mentioned earlier, the BBB is a highly specialized structure in cerebrovascular system to restrict molecular movement from systemic blood circulation to the brain. This dedicated structure is formed by vascular endothelial cells covered by astrocytic end-feet processes that form a continuous barrier for brain homeostasis. 116,117 The BBB is tightly regulated in young and healthy subjects, but gradually becomes permeable with age resulting in more invasions of peripheral microbes into the brain. 118 In addition, LRP-1 expressed on astrocytes functions to clear out brain-derived Aβ across the BBB was decreased in a diabetic animal model, 119 and thus possibly causes the accumulation of Aβ peptides in the brain when BBB is impaired by the activation of astrocytes. 102,120 Thus, prolonged activation of astrocytes in a diabetic condition could be an initial mechanism of destruction of brain homeostasis via BBB dysfunction, further affecting the onset and development of AD-associated pathologies. 121
TREATMENTS RELATED TO DIABETES AND AD
Unfortunately, there is currently no cure for AD. Only two kinds of symptomatic medications are currently available for AD patients. Based on the close relationship between diabetes and AD, and decrease of insulin signaling in AD, many clinical trials have been done in the past using insulin to slow AD progression. In fact, intranasal insulin has been proven beneficial as a result of decrease of Aβ42 in cerebrospinal fluid, 122 but with some side effects such as nasal mucosa damage, irritation or induction of high blood pressure. Thus, improved delivery into the brain is required for insulin therapy.
Many studies with other antidiabetic medications such as Metformin and Liraglutide that can cross the BBB, have been further tested in AD symptoms. In fact, Liraglutide, a GLP-1 analog, 7/17 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e297
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has proven beneficial for memory and synaptic plasticity by reducing neurotoxic oligomeric Aβ and decreasing Aβ plaques as well as increasing neurogenesis in a APP/PS1 mouse model of AD. 123 Interestingly, this drug works similarly to glucagon-like peptide 1 (GLP-1), a 30-amino acid incretin hormone produced in the gut as well as in the brainstem and hypothalamus. 124 -126 GLP-1 receptors are expressed in the temporal cortex and hippocampus, areas of the brain that are affected in AD. 125,126 GLP-1 has neuroprotective effects on ADassociated pathologies such as Aβ plaque accumulation and oxidative stress and decreases in synaptic plasticity, 127 suggesting GLP-1 to be a possible treatment for AD.
Two pilot studies have shown a clinical trial with Liraglutide, GLP-1 analog tested on 200 AD patients conducted by the Imperial College London (Clinical Trials identification: NCT01255163), and the effect of Exenatide, another GLP-1 analog, has been tested on 230 AD patients for three years conducted by National Institute on Aging (Clinical Trials identifier: NCT01255163). In accordance with these clinical trials, recent studies have reported that Liraglutide has beneficial effects in maintaining glucose level in the brain by preventing the decline of glucose metabolism 128 and restores glucose transport at the BBB. 129
Metformin is another anti-diabetic medication that has shown glucose lowering effect, recovery of insulin sensitivity, increases of glucose uptake, decreases of hepatic glucose syntheses, and activation of protein kinase pathways required for glucose metabolism. 130 Metformin also has beneficial effects on reduction of Aβ production by inhibiting β-secretase and tau phosphorylation, suggesting metformin as a suitable drug in AD treatment. A clinical trial conducted by a Taiwanese group has reported that metformin significantly decreases the risk of dementia. 131 On the other hand, long term use of Metformin, as studied by a UK group, may increase the risk of AD development. 132 Similar results by an Australian group have been reported that Metformin decreased cognitive performance. 133 This discrepancy may be due to difficulty finding optimal doses and the limited size of the patient population, which requires larger scale studies.
GSK-3β inhibitors have long been tested as AD therapy and recently studied for the treatments of both diabetes and AD as GSK-3β plays an important role in insulin signaling as mentioned earlier. GSK-3β inhibitors might be beneficial because insulin promotes activation of glycogen synthase by suppressing GSK-3β activity. 134 Overexpression of GSK-3β attenuates insulin signaling by phosphorylating and downregulating insulin receptor substrates, 135 and therapeutic doses of lithium chloride, an inhibitor for GSK-3β, show reduction of Aβ peptide expression in the brain 72 and tau phosphorylation in both neuron and glia, 82,136,137 suggesting that inhibition of GSK-3β activity may be a promising form of therapy for both diabetes and AD.
The nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) is a transcription factor that regulates glucose and lipid metabolism and suppresses gene expression in inflammation. 138 PPARγ is particularly important as this nuclear receptor regulates the metabolism of lipids and carbohydrates, glucose levels in serum, and insulin sensitivity. 139 However, the effects of PPARγ agonists from a study using Tg2576 mice are conflicting, such that Pioglitazone, a PPARγ agonist, exhibits no changes in Aβ pathology and no changes in reactive glia, an inflammatory response, 140 while rosiglitazone, an insulin sensitizer acting on PPARγ has effects on recovery of insulin sensitivity and improvements in behavioral deficits. 141 Pioglitazone also shows an anti-oxidant effect in an experiment using human serum. 142 A clinical study with Pioglitazone shows that a low dose of the drug has a better effect than placebo in AD patients, suggesting Pioglitazone as a potential treatment in AD. 143 A large scale of studies requires to validate and replicate the beneficial effects of drugs in the future.
CONCLUSION
Although various mechanisms and markers have been suggested in establishing the idea that T2DM and AD might be linked, there is still a need for further elaboration due to several conflicting findings in the scientific literature, particularly in epidemiology studies. Even with such conflicts, altered insulin or insulin-related signaling seems to be involved in many of pathologies of AD brains. Regulation of diabetic complications helps to alleviate these pathologies, as evidenced by prolonged lifespan, reduction of Aβ plaques, and improvement of cognitive function. By evaluating the given evidence along with conflicting data, it appears that T2DM may serve as a factor in accelerating pathologies in AD development. T2DM should be considered as part of a larger complication accompanying pathologies such as inflammation, oxidative stress, DNA damage, and mitochondrial dysfunction which may contribute to a degenerative domino effect. With studies on diabetic drugs as a useful tool in ameliorating AD symptoms, AD can be considered as a form of type 3 diabetes. 53 Nevertheless, memory and cognitive functions are not only observed in AD patients but in other degenerative diseases. Hence with this observation in mind, it is vital that the individuals involved in any future advancements of AD treatment prioritize the distinguishing routes or etiologies of disease causality and should investigate further to clarify underlying mechanisms of pathologies in diabetes and AD.
